Over the last decade there has been significant progress in developing the concepts and technologies needed to produce, capture and accelerate O(10 21 ) muons/year. This development prepares the way for a new type of neutrino source (Neutrino Factory) and a new type of very high energy lepton-antilepton collider (Muon Collider). This article reviews the motivation, design and R&D for Neutrino Factories and Muon Colliders.
INTRODUCTION
The muon, which can be thought of as a heavy electron, lives just long enough (τ 0 =2µs) to enable it to be accelerated to high energy before it decays into an electron, a muontype neutrino and an electron-type antineutrino ( Muon Colliders were proposed by Budker [1] in 1969. The concept was developed in the 1970's and 1980's by Skrinsky et al. [2] and Neuffer [3] . In the early 1990's it was realized that it might be possible to build a MC with a center-of-mass energy (√s) of a few TeV and a luminosity in the 10 34 -10 35 cm -2 s -1 range [4, 5] , and that a multi-TeV lepton collider with this luminosity is likely to be needed to fully explore the physics responsible for electroweak symmetry breaking. A MC R&D collaboration was formed in 1997. The NF concept was proposed [6] in November 1997, at a time when the discovery [7] that the three known types (flavor) of neutrino ( e ν , µ ν , τ ν ) can change their flavor as they propagate through space (neutrino oscillations [8] ), was providing us with a first glimpse of physics beyond the Standard Model. Since NFs and MCs require similar muon sources, the U.S. MC Collaboration embraced NF R&D and became the NF and MC Collaboration (NFMCC). In addition, studies in the U.S. [9,10], Europe [11] and Japan [12] consolidated the physics case, explored alternative designs, and ultimately led to a globalization of NF R&D.
NEUTRINO FACTORIES: CONCEPT AND BEAM PROPERTIES?
Conventional neutrino beams are produced from charged pions decaying in a long channel. If ii) A target within a high-field solenoid followed by a ± π decay channel.
iii) A system of rf cavities that captures the daughter muons longitudinally into a bunch train, and then applies a time-dependent acceleration that increases the energy of the slower (low energy) bunches and decreases the energy of the faster (high energy) bunches (phase rotation).
iv)
A cooling channel that reduces the transverse phase space occupied by the beam, so that it fits within the acceptance of the first acceleration stages.
v) An acceleration scheme that accelerates the muons.
vi)
A storage ring with at least one long straight section that points through the earth to a distant detector. In addition, since muon decays are well understood, a NF offers low systematic uncertainties on beam fluxes and spectra. In the muon rest-frame the distribution of energies and angles is given by: and a minimum NF energy of ~20 GeV. If a lower energy NF is desired it will be necessary to reduce min µ E by using, for example, a detector made from low-Z materials.
Until recently, magnetizing the very large volume needed for a low-Z NF detector was thought to be prohibitively expensive. However, an idea has emerged in which the costdriving cryostat needed for the detector superconducting solenoid is eliminated by shrinking the cryostat around the conductor. The resulting "superconducting transmission line" is then wound to form a large solenoid. Initial simulations have shown that a fully active scintillator detector in a 0.5T solenoid would be able to measure the muon sign for neutrino interactions down to ~500 MeV, facilitating NFs with energies of a few GeV [15] .
NEUTRINO FACTORIES: PHYSICS
The discovery that neutrinos have masses and that neutrino flavors mix as they propagate through space has revolutionized our understanding of the nature of neutrinos and their role in the Universe. Although much has already been learnt about neutrino oscillations, many questions remain unanswered. Before considering these open questions, it is useful to introduce the phenomenological framework that describes three-flavor mixing [16] .
The mass eigenstates (ν 1 ,ν 2 ,ν 3 ) are related to the flavor eigenstates (ν e , ν µ , ν τ ) by a 3×3
unitary matrix U , which can be parameterized using 3 mixing angles (θ 12 , θ 23 , θ 13 ) and one complex phase (δ): We have only an upper limit of 13 θ and no knowledge of δ , and hence little knowledge of 13 U except that its magnitude is small.
Neutrino oscillations are driven by splittings between the mass eigenstates. The evolution of a neutrino beam as it propagates through matter is given by [17] : sin θ is large (>0.02, say) conventional neutrino beam experiments should be able to measure 13 θ , determine the mass hierarchy, and perhaps provide the first evidence for CPV. The experimental program must then focus on precision measurements that test the phenomenological framework, discriminate between competing theories, and provide clues about quark-lepton unification. Initial studies have shown that a 4 GeV NF [15] might yield good precision if 13 θ is large (Fig. 3) . The precision is likely to be limited by statistics and, since event rate is proportional to target mass, by the mass of the largest affordable detector.
NEUTRINO FACTORIES: DESIGN AND R&D
Over accelerator [22] , and detector [23] reports.
Proton Beam and Target
At the NF front-end the proton source must deliver short high-intensity multi-GeV bunches onto a target. The ISS baseline parameters are:
(i) Proton energy 5 < P E < 10 GeV, chosen to maximize ± π production at fixed beam power. Note that some proponents favor P E > 10 GeV to ease the task of creating short high intensity bunches. Multi-GeV multi-MW proton source designs are now being developed at a number of laboratories around the World, motivated by a broad range of interests which include, for example, high-intensity convention neutrino beams. Proton source R&D is being pursued within this broader context. We can anticipate that at least one viable design for a NFclass proton source will exist within a few years.
Target R&D has also advanced in recent years, and has culminated in the Mercury
Intense Target experiment (MERIT [24] ) which has successfully demonstrated a Hg-jet injected into a 15T solenoid and hit by a suitably intense beam from the CERN PS. The jet was viewed by high speed cameras (Fig. 4 ) which enabled measurement of (i) the time before the jet was disrupted, (ii) the velocity of jet fragments after disruption, (iii) the length of the jet segment disrupted, and (iv) the time before the jet re-established itself.
Preliminary results have been encouraging, and suggest this technology could support beam powers in excess of 4MW.
RF in Magnetic Channels
The bunching, phase rotation, and cooling channel designs require high gradient normal conducting rf cavities operating in a magnetic channel. The initially preferred design MHz test cavity. However, tests have shown that when this type of cavity is operated within a multi-Tesla co-axial solenoid the maximum rf gradient that can be achieved before breakdown is significantly reduced. It is possible that, with further R&D, surface treatments can be found to mitigate this effect. However, other solutions have also been proposed including:
(i) Using cavities filled with high pressure hydrogen gas [25] . An 805 MHz cell has been built and tested in a high field solenoid. No appreciable degradation of performance was observed with increasing magnetic field. In the coming months this technology will be tested in the presence of an intensely ionizing beam. It is possible that the ionization created in the cavity will limit its performance.
(ii) Using "magnetically insulated" cavities [26] . The magnetic field is designed so that it is parallel to surfaces where the rf gradients are maximum. This is expected to prevent energetic electrons from hitting these surfaces and causing problems.
(iii) Designing cooling channels in which the cavities are in regions of low magnetic field. This is not a preferred solution since it will mean longer less efficient channels.
Within the next couple of years the ongoing R&D is expected to determine which of these options are viable.
Bunching, Phase Rotation and Cooling
At the end of the decay channel the daughter muons have drifted some tens of meters, resulting in a time-energy correlation with the high-energy particles leading the lowenergy particles. The decay channel is followed by a buncher section that uses rf cavities to form the beam into a bunch train, and a phase-energy rotating section that decelerates the early-rf-phase high energy bunches and accelerates the late-rf-phase low energy bunches, so that each bunch has the same mean energy. Present designs deliver a bunch train that is 50m long, captured within a 2T solenoid channel.
The buncher parameters are determined by considering reference particles (1, 2) with velocities β 1 and β 2 . The rf voltages are increased along the channel, with frequencies f rf and phases set to place 1 and 2 at the center of bunches. This can be accomplished if the rf wavelength λ rf increases along the buncher [27] :
where s is the total distance from the target and N B is an integer. In the present design, at the end of the channel all bunches have a mean momentum ~230 MeV/c, with (Fig. 6 ). Simulations show that the cooling channel increases the number of useful muons by about a factor of 2 (Fig. 5 ).
To provide a proof-of-principle demonstration, the international Muon Ionization Cooling Experiment (MICE [29] ) at RAL is preparing to test an ionization cooling channel cell in a muon beam (Fig. 7 ). MICE will measure the response of individual muons to the cell as a function of the incident muon parameters (momentum, position, direction) and the various channel parameters (absorber type, magnetic fields, rf parameters). The initial phase of the experiment, which establishes the muon beam and measurement systems, has begun. It is anticipated that MICE will be completed by 2011-2012.
Acceleration and Storage
Since muons are short-lived, acceleration must occur at high average gradient. The in the ISS baseline design [22] there are two separate racetrack rings, one for each muon sign, with the beam-forming straight sections pointing to two distant detectors at different baselines. • understanding the mechanism behind mass generation and electroweak symmetry breaking;
MUON COLLIDERS: INTRODUCTION
• searching for, and perhaps discovering, supersymmetric particles and confirming their nature;
• hunting for signs of extra space-time dimensions and quantum gravity.
Within a few years results obtained from the Large Hardron Collider (LHC) at CERN are expected to more precisely establish the desired lepton collider energy, and whether the physics program can be begun with a lower energy (√s ~ 0.5 TeV) collider, or whether we must go straight to multi-TeV energies to make contact with the physics. In either case, it is likely that multi-TeV lepton colliders will eventually be needed. 
MUON COLLIDER DESIGN and R&D
Muon Colliders with √s from 100 GeV to 4 TeV have been studied [5, 33] . A MC facility is shown schematically in Fig. 1b . The front-end, up to and including the initial cooling channel, is similar (perhaps identical) to the corresponding NF front-end. However, in a NF the cooling channel must reduce the transverse emittances ( y x ε ε , ) by only factors of a few, whereas to produce the desired luminosity, a MC cooling channel must reduce the transverse emittances by factors of a few hundred and reduce the longitudinal emittance L ε by a factor O(10). Table 2 shows MC parameters corresponding to three representative schemes that are being studied. The different schemes correspond to different strategies for obtaining high luminosity, and different cooling technologies that result in different end-points in the 6D beam phase space. Following the cooling channel, the muons are accelerated to the energy of choice using circular accelerators and/or RLAs, and then injected into a ring so that µ + and µ − orbit in opposite directions and collide at one or more interaction points (IPs). To maximize the number of revolutions before the muons decay, the ring should be compact, and therefore use high field dipoles.
For a given dipole field, since both ring circumference and muon lifetime are
proportional to E µ , the number of revolutions before decay N rev is independent of E µ . In practice N rev ~ 1000.
Cooling Channel
In the last couple of years self-consistent concepts have emerged for a complete MC cooling channel. There are several variants based on different technologies, and aiming at different end-points in 6D phase space. The path that the beam travels in ( L T ε ε , )-space as it cools has been partially simulated. The result for one candidate scheme is shown in Fig. 11 . Note that ionization cooling only reduces the transverse emittance. The longitudinal emittance is reduced by mixing the degrees of freedom as the beam cools.
The design of the final cooling stages is particularly challenging. In the present schemes L ε is first over-cooled and then allowed to increase as the final ( y x ε ε , ) reduction takes place. All schemes considered so far require components with performances that are beyond the current state-of-art. In particular: (a) To continue the battle against scattering, the solenoid field at the end of the cooling channel must be very high. The highest practical field for the last few solenoids has yet to be established, but fields up to ~50T have been considered. The final MC luminosity is proportional to this field; (b) The mixing of transverse and longitudinal degrees of freedom is accomplished using solenoids "twisted" into a helix, and rf cavities must somehow be integrated into the design; (c) RF operation in the appropriate magnetic field configuration must be better understood and demonstrated.
Detector Backgrounds
A MC detector is imagined to be conceptually similar to detectors at other colliders (vertex detector, tracker, calorimeters, and muon detectors, with the vertex detector and tracker within a solenoid magnet). Simulations predicted that most of the decay electrons (62%) interact upstream of the shielding, 32% interact in the shielding, and 10% pass through the IP without interacting.
As the decay electrons respond to the fields of the final focus system, before they leave the beampipe they lose 20% of their energy by radiating on average 500 synchrotron photons with a mean energy of ~500 MeV. The resulting detector backgrounds have been simulated using two different programs which yield consistent results. Figure 12 shows the calculated particle fluxes. These fluxes can be used to estimate detector hit rates. this yields an occupancy of 1.3%, which is considered acceptable. The occupancy can be further reduced, by a factor of ~100, by arranging the detector geometry and design so that only coincidences between closely spaced pairs of hits that point back to the IP are read out [34] .
Neutrino Radiation
Any straight section within the collider ring will produce a beam of muon decay neutrinos in the direction of the straight section. These neutrinos will exit the Earth at some point, perhaps a few tens of km away if the ring is deep. At the exit point, neutrino interactions in the rock create radiation at the surface. The radiation level increases rapidly with stored muon energy (note: flux
). Neutrino radiation from the IP straight sections is not considered a problem since those specific exit points can be fenced off. The real limitation is from the many short straight sections between magnets. Assuming L = 10 35 cm −2 s −1 , the √s at which the neutrino radiation related dose from these short straights begins to be a potential problem is ~4 TeV. It is probably possible to push to higher energies by locating the ring at great depth, wobbling the beam orbit (to spread the neutrinos around), and making sure short straight sections point in benign directions.
In addition to MC design studies, component R&D is also proceeding. Indeed, much of the R&D discussed in the NF section can equally be considered as MC R&D (e.g.
MERIT, MICE, EMMA). However, additional MC component development and testing is required. This MC specific R&D has so far been primarily a U.S. activity and has been rather limited in scope. However, in 2006 the Muon Collider Task Force (MCTF [35] ) was established at Fermilab to complement the NFMCC R&D. The MCTF activities have begun to explore 6D cooling channel options, including both "helical solenoid" and rf options. In particular, a so-called "HCC" 6D cooling channel option has been proposed [36] in which the helical channel, including the rf cavities, is filled with hydrogen gas at high pressure. The MCTF has begun to explore the viability of this option by preparing a beam test of high pressure hydrogen filled rf cavities, and building and testing a 4-coil model of the HCC. In addition the MCTF has begun studying the viability of an HTS option for the highest field solenoids at the end of the cooling channel.
OUTLOOK
Aspired timelines for completing the R&D and building a NF and a MC are illustrated in There are, of course, significant technical challenges that must be met if NFs and MCs are to become a reality. In particular, critical for both types of facility is to understand how to build high gradient rf cavities that operate within the magnetic fields needed for viable bunching, phase rotation, and cooling channels. Critical for MC viability is a better understanding of how to realize a complete 6D cooling channel followed by appropriate demonstrations of the required technologies. There are many other items on the critical list, but we can hope that, by ~2013, (i) a NF will look like a very real option, and (ii) the community will have sufficient information to judge the cost and performance of a multi-TeV MC, and understand the timescale for completing the R&D. FIGURE 2: Results from the ISS [19] . As a function of 13 2 2 sin θ , the fraction of all possible values of δ for which a discovery could be made at the 3σ level or better at a 25
GeV NF (blue curves) and for a selection of possible future conventional beam experiments (curves in gray bands).
FIGURE 3: Sensitivity of a 4 GeV NF experiment [15] . As a function of 
